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Excitation of materials by ultrashort laser pulses is characterized initially by a strong non-equilibrium
between the electronic and lattice degrees of freedom. This is followed by a rapid transfer of the elec-
tronic excess energy to the lattice, which leads to heating within a few picoseconds. In thin �lms
deposited on a substrate, the subsequent nanosecond-scale quenching is driven by rapid heat di�usion
into the substrate. This non-equilibrium heating�cooling cycle with ultrahigh heating and cooling rates
enables access to metastable states that are di�cult to reach with conventional techniques. In this work,
we report on a comprehensive characterization of structural changes driven by ultrashort pulsed laser
annealing in thin Pd100−xSix �lms (x = 0, 3, 5, 10, 17%). The combined use of microscopy and X-ray
di�raction for post-mortem analysis provides new insights into the composition-dependent crystalliza-
tion behavior. By analyzing optical images from a series of laser irradiations at varying pulse energies
(�uence scan), a two-dimensional �uence map was reconstructed for an arbitrary pulse energy. This en-
abled a direct correlation between deposited energy density, surface morphology, and structural changes
derived from the micro-X-ray di�raction measurements analyzed using the Rietveld method. Above a
�uence threshold of 25 mJ/cm2, all samples exhibit signi�cant structural modi�cations � changes of
the surface morphology, an increase of the lattice parameters, reduction of strain, grain growth, and re-
duced amorphous contributions. These observations are consistent with a scenario in which the sample
undergoes ultrafast melting, followed by rapid cooling and recrystallization, thereby relaxing towards a
lower energy state. Notably, only the face-centered cubic phase of crystalline Pd was observed across all
samples and irradiation conditions, in contrast to the equilibrium phase diagram including the Pd�Si
compounds. This con�rms that ultrafast laser treatment produces metastable states, previously unre-
ported in Pd�Si alloys.
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1. Introduction

Multicomponent Pd-based alloys are known for
their exceptional glass-forming ability (GFA), which
enables them to be cast in bulk form [1�3]. Among
these systems, Pd�Si binary alloys have been shown
to form bulk metallic glasses near a deep eutectic
composition of around 19 at.% Si [4�6]. The high
stability of eutectic Pd�Si liquids facilitates vitri�-
cation at remarkably low cooling rates, on the or-
der of only a few K/s [7]. In contrast, pure Pd
exhibits virtually no GFA and, similar to other
face-centered cubic (fcc) metals, crystallizes even

under ultrafast quenching conditions approaching
1014 K/s [8]. To date, glassy Pd has been observed
exclusively in computer simulations [9]. This pro-
nounced compositional dependence on GFA re�ects
signi�cant changes in the nucleation kinetics and
crystal growth with increasing Si content [10].
In this respect, short pulse laser annealing of-

fers unique opportunities since it enables quenching
rates approaching 1012 K/s [11�13]. Surprisingly,
this approach has so far not really been used for
Pd�Si alloys. We are aware of only one study in
which annealing with picosecond pulses (20�200 ps)
has been investigated as an intermediate process-
ing step in the crystallization of near-eutectic
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TABLE I

Density, thickness, and roughness of the as-grown Pd100−xSix �lms.

Parameters of the Pd100−xSix �lm Parameters of the SiN cap

Sample
Density

[g/cm3]

Thickness

[nm]

Roughness

[nm]

Density

[g/cm3]

Thickness

[nm]

Roughness

[nm]

Pd100Si0 13.6 19.2 0.94 2.9 4.8 0.99

Pd97Si3 13.7 19.0 0.47 2.9 4.7 0.52

Pd95Si5 13.6 18.8 0.39 2.9 4.8 0.41

Pd90Si10 13.1 22.0 0.39 2.9 5.2 0.50

Pd83Si17 12.5 23.6 0.38 2.9 4.9 0.52

Pd�Si amorphous alloys with relatively long (∼ 1 s)
laser pulses [14]. While it was found that pi-
cosecond laser-treated glasses exhibit superior sta-
bility against devitri�cation compared to the as-
quenched glasses, no direct structural characteriza-
tion of picosecond laser-annealed Pd�Si alloys was
reported.
In this work, we characterize the structural

changes of thin (20 nm) Pd100−xSix alloys with
varying Si content (x = 0, 3, 5, 10, 17 at. %) in a
yet unexplored heating and cooling regime using
femtosecond laser excitation. A key characteristic
of the temperature evolution following such exci-
tation of thin �lms with thickness comparable to
the optical absorption depth (10�20 nm in metals)
is the spatially localized, quasi-1D nature of the
temperature evolution. On the one hand, this al-
lows uniform in-depth heating of the �lm at ex-
treme heating rates (up 1015 K/s) due to the strong
electron�phonon coupling [15]. On the other hand,
the subsequent thermal response is dominated by
heat conduction across the interface into the sub-
strate at quenching rates of 1011�1012 K/s, while
lateral transport is negligible due to weak lateral
temperature gradients at typical laser spot sizes of
about 100 µm. Therefore, the evolution at each po-
sition in the irradiated sample area represents, to a
very good approximation, the response to the given
local value of excitation �uence. This, in combina-
tion with the uniform in-depth heating mentioned
above, constrains the energy distribution to an ef-
fectively two-dimensional (2D) spatial pro�le.
Using a micro-focused synchrotron X-ray beam,

we mapped the laser-irradiated spot and acquired
X-ray di�raction (XRD) patterns in transmission
geometry. Rietveld re�nement of these patterns al-
lowed us to quantify key structural parameters of
the �lms (lattice parameter, microstrain, crystalline
grain size, and amorphous/crystalline fraction) as
a function of the laser pulse �uence. Our results
demonstrate how �lm composition in�uences mi-
crostructure development at di�erent laser �uences,
and we conclude on the role of the Si content in gov-
erning the structural evolution during pulsed laser
annealing.

2. Materials and methods

We have investigated ∼ 20 nm thick Pd100−xSix
�lms deposited by magnetron sputtering on 50-nm-
thick SiN membranes supported by a silicon frame
(produced by Silson Ltd [16]). A 5-nm-thick silicon
nitride cap, prepared by reactive magnetron sput-
tering, was used to prevent sample's contamination
by atmospheric gases†. Figure 1a shows a schematic
layout of the sample.
As-grown reference samples (Pd100−xSix �lms

with a SiN cap deposited on a bulk Si substrate)
were pre-characterized using laboratory X-ray re-
�ectometry (XRR) with a Philips X'Pert MPD
di�ractometer to determine the thickness, density,
and roughness of the Pd100−xSix �lms and SiN caps
(results are presented in Table I).
Structural and surface morphology modi�cations

of the �lms were induced using ultrashort (0.25 ps)
laser pulses with a wavelength of 515 nm. The op-
tical beam was focused on the sample at normal
incidence to a spot with a full width at half maxi-
mum (FWHM) of ≈ 210 µm. The samples were ir-
radiated in single-shot mode (i.e., one laser shot per
one window � see Fig. 1) with pulse energies rang-
ing from 8.7 to 49 µJ, corresponding to peak densi-
ties of an incident energy per area (�uences) of 17
to 98 mJ/cm2.

�1Deposition was carried out in a high-vacuum chamber
with a base pressure of 10−9 mbar, equipped with multiple
two-inch magnetrons for co-sputtering. The substrates were
preheated to slightly above 100◦C for 5 h to remove residual
atmospheric gases before being cooled to room temperature
for �lm deposition. High-purity palladium (99.999%) and N-
type silicon (99.999%) targets served as the source materi-
als for sputtering the metallic and cap �lms. The sputtering
process of the Pd100−xSix �lm was conducted in an argon
(99.999%) atmosphere at a pressure of 7 × 10−3 mbar us-
ing direct current (DC) power supplies. After deposition, the
�lms were coated with a 5 nm thick SiN cap via reactive
sputtering in the same chamber in an N2-Ar gas mixture
atmosphere with a volumetric ratio N2 : Ar = 1.15 : 1. The
chamber pressure remained at 7×10−3 mbar during the pro-
cess, and sputtering was performed using a DC power supply
with a 120 kHz pulse function.
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Fig. 1. (a) Schematic layout of the sample and (b)
geometry of the X-ray di�raction experiment. More
details are given in the text.

The post-irradiation analysis of the exposed spots
was performed using Nomarski DIC (di�erential in-
terference contrast) optical microscopy with a Zeiss
Axio Scope A1 microscope and by scanning electron
microscopy using a SEM/FIB HELIOS 600 scan-
ning electron microscope (SEM).
Subsequently, a micro-XRD structural analysis

was performed on both as-grown and laser-
irradiated samples. For the laser-irradiated sam-
ples, the analysis was conducted on selected single-
pulse laser-irradiated spots with �uences of 70, 65,
60, 70, and 60 mJ/cm2 for samples with Si con-
tents of 0%, 3%, 5%, 10%, and 17%, respectively.
The local atomic structure was characterized by
means of X-ray di�raction in transmission geom-
etry with a micro-focused 73.47 keV X-ray beam
(2 µm× 20 µm FWHM, i.e, respectively, vertical×
horizontal) at beamline P07 of the PETRA III
synchrotron [17]. The micro-XRD measurements
of the as-grown samples were performed near the
center of the non-irradiated window. To charac-
terize the irradiated spots, a series of micro-XRD
measurements were conducted across the irradiated
area, with approximately 20 µm spacing between
each measurement (see Fig. 3c � black horizontal
lines). To minimize background scattering of X-rays
in air, measurements were conducted in a vacuum
chamber. The di�raction patterns were recorded us-
ing a PILATUS CdTe 2M �at-panel detector. A
schematic of the di�raction setup used in the ex-
periment is shown in Fig. 1b.

3. Results

3.1. Surface morphology and �uence pro�le
in the laser spot

The microscopy images in Fig. 2 show the laser-
irradiated spots for a peak �uence of 70 mJ/cm2,
which reveal changes in surface morphology for all
types of investigated samples. These changes are
qualitatively similar for samples with a Si content
varying from 0 to 10%. However, the microscopy im-
age of the Pd83Si17 sample appears noticeably dif-
ferent, which we attribute to the higher Si content

Fig. 2. Microscopy images of the surface morphol-
ogy of the investigated samples after exposure to a
single laser pulse of a �uence 70 mJ/cm2. Visible
changed regions are highlighted.

and its the near-eutectic composition. This obser-
vation is in line with the results of the structural
characterization, as discussed further below.
For x = 0�10%, distinct regions with clearly

de�ned boundaries can be identi�ed, indicating
threshold behavior, i.e., that the formation of a par-
ticular feature occurs only when the corresponding
threshold �uence is locally reached/exceeded. At
the periphery of the irradiated area, correspond-
ing to low irradiation �uences, no visible changes
are observed. As the laser �uence increases towards
the center, a ring of surface wrinkles emerges (blue
contour in Fig. 2) � for clarity, hereinafter named
as the �outer wrinkles ring�. It smoothly (with-
out a distinct threshold) transitions into a region
where the surface again appears �at (similar to
the non-a�ected area). At an even higher local �u-
ence (purple contour in Fig. 2), a threshold transi-
tion, resembling a rim, becomes visible. Inside the
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purple contour, the surface again exhibits a wrin-
kled appearance (henceforth referred to as the �in-
ner wrinkles ring�). At the very center of the spots
corresponding to the �uences close to the peak �u-
ence (yellow contour in Fig. 2), material removal
is evident. In contrast, the surface modi�cations of
the Pd83Si17 sample (Fig. 2e) are clearly di�erent
than the ones observed at lower Si-content. Note
that (i) the wrinkling is much less pronounced and
limited to the corresponding threshold region; (ii)
the center region does not show clear indications of
material removal. As will be discussed further be-
low, the structural modi�cations of this sample are
also signi�cantly di�erent compared to the other
samples.
The �uence dependence on the observed morpho-

logical changes has been analyzed for each sam-
ple separately. The �uence scan method [18] was
applied. For each spot generated at a given laser
pulse energy E, a contour corresponding to the
boundaries of a chosen region (as classi�ed above)
and thus the corresponding threshold �uence was
drawn, and the enclosed area S was measured. The
enclosed area S was plotted as a function of ln(E)
and analyzed following the method described by
Liu [19], which provides the threshold energies Eth

for each type of morphological change. This ap-
proach was applied to all investigated Pd100−xSix
sample compositions, with x values of 0, 3, 5,
10, and 17 at.%. Next, the relation Eth/E vs S
was plotted and �tted with an exponential func-
tion Eth/E = A exp(−S/S0), where A is the cor-
rection factor for the threshold energy and S0 is
the so-called e�ective area of the laser beam. The
threshold �uence for each type of morphological
change on a given sample was then calculated as
Fth = AEth/S0 [18]. To test the hypothesis that the
morphological changes depend on the local laser �u-
ence threshold, the data points Fth/F vs S for a
given sample region were plotted in the same �g-
ure (see Fig. 3a). The experimental data clearly
follow the same exponential curve. This validates
the used approach. Furthermore, one can conclude
that the processes leading to the formation of par-
ticular structural changes depend only on the local
deposited energy density and are indeed una�ected
by lateral e�ects such as in-plane heat di�usion (de-
scribed in Sect. 1).
The summarized values of the threshold ener-

gies Eth and �uences Fth (grouped in sets of three,
corresponding to the blue, purple and yellow con-
tours in Fig. 2, respectively), are shown in Table II.
The calculated laser beam e�ective area S0 is the
same for all cases and equal to approximately
50000 µm2.
Next, all contours obtained for a given sample

type were superimposed on a single �gure. Each
contour corresponds to a speci�c area S and nor-
malized �uence Fth/F0, where Fth is the threshold
associated with the contour, and F0 is the max-
imum �uence at the location where the contour

TABLE II

The experimentally established threshold energies
Eth and the �uences Fth for all types of samples. See
details in the text.

Sample Eth [µJ] Fth [mJ/cm2]

Pd100Si0

12± 5%

24± 3%

32± 2%

25± 6%

51± 4%

67± 3%

Pd97Si03

11± 8%

27± 3%

31± 2%

25± 10%

60± 4%

69± 3%

Pd95Si05

11± 7%

29± 2%

33± 2%

24± 8%

62± 3%

71± 3%

Pd90Si10

12± 5%

29± 3%

33± 2%

23± 6%

54± 5%

63± 3%

measurement was taken (F0 = E/S0). As a result,
a two-dimensional map of the normalized �uence of
the laser beam was obtained (see Fig. 3b). Normal-
ization is essential because the contours were ob-
tained from spots generated at di�erent incidence
pulse energies E. For any speci�c spot formed at
a given incidence pulse energy Es the normalized
�uence map can be converted into an absolute �u-
ence map by multiplying the normalized �uence by
the corresponding maximum �uence Fs, de�ned as
Fs = Fth exp(−S(Es)/S0), where S(Es) is the area
enclosed by the iso-�uence contour.
The above-described procedure was employed to

correlate the XRD measurements with the local
�uence of the pump laser beam. SEM images ac-
quired after XRD characterization were used for
that purpose. These images revealed surface con-
tamination by hydrocarbon residues in the vacuum
chamber, induced by microfocused X-ray radiation
during synchrotron measurements (see Fig. 3c). The
visibly contaminated regions extend approximately
2�3 times beyond the nominal X-ray beam size due
to the low-intensity tails of the X-ray beam. Nor-
malized �uence maps were superimposed onto the
SEM images for each investigated spot. Identifying
the trace of each X-ray measurement point on these
maps made it possible to correlate the atomic struc-
ture information obtained from XRD with the cor-
responding local irradiation �uence. Monitoring the
XRD pattern as a function of the X-ray exposure
time did not reveal any changes during data acquisi-
tion except for surface darkening induced by X-rays
radiation.

3.2. XRD results

The di�raction geometry was calibrated using
an experimental 2D XRD pattern from a CeO2
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Fig. 3. (a) Inverse normalized �uence as a function of contour areas Fth/F vs S for all thresholds. (b)
Optical microscopy and (c) SEM images of a laser-irradiated spot on a Pd95Si05 sample. The iso-�uence
surface modi�cation contours after laser irradiation are shown as color lines in (b). The positions of surface
contamination caused by the X-ray micro-beam (black lines in (c)) are projected onto the optical microscopy
image (b) as horizontal lines. The estimated �uences are assigned to each of the XRD measurement spots. In
this work, only the spots marked with yellow color are investigated, as described in the text.

reference sample (SRM 674b) using the PyFAI soft-
ware package [20]. XRD images of the as-grown and
irradiated samples show continuous Debye�Scherrer
rings (see example in Fig. 1b), indicating randomly
oriented nanocrystallites in Pd100−xSix �lms. This
enabled the 2D data to be reduced to 1D patterns
through azimuthal integration (again using PyFAI).
The XRD pro�le of a SiN membrane with only a SiN
capping (total SiN thickness of about 55 nm) but
without a Pd100−xSix �lm was used for the back-
ground subtraction for all 1D data before further
analysis.
Figure 4 shows the background-subtracted 1D

patterns for each sample irradiated at a local �u-
ence level within the range 45�50 mJ/cm2, i.e., be-
tween the 1st and 2nd threshold (panel (a)) and
an example of the Rietveld analysis for the case of
a Pd95Si05 sample laser-irradiated with a �uence
of 45 mJ/cm2 (panel (b)). Bragg di�raction peaks
from the fcc-Pd phase (ICSD 77885) were identi�ed
for all samples except for Pd83Si17. In the latter
case, only broad �halo� peaks were observed, indi-
cating that the sample was in an amorphous state.
This re�ects a di�erent structural response of the
high-Si amorphous matrix to ultrafast heating and
explains the di�erences in laser-irradiation-induced
surface changes, as studied with optical microscopy
(see Fig. 2e), compared to samples with lower Si
content. The near-eutectic Pd�Si alloy is a good
glass former even for relatively low cooling rates.
Increasing the cooling rate (by applying ultrafast
laser heating) further enhances its tendency to re-
main amorphous. Consequently, this sample was ex-
cluded from further crystallization analysis, and we
focus on investigating the structural changes in the
Pd100−xSix �lms (x = 0, 3, 5, 10 at.%). Instead, the
XRD pattern obtained for the as-grown Pd83Si17
sample (which is also in an amorphous state) was

used as a reference amorphous signal to estimate the
content of the amorphous phase in partially crys-
talline samples, as described below.
The XRD patterns collected across the modi�ed

area show a drastic decrease in the total signal
intensity at the center of the irradiated spots,
indicating partial material removal. In contrast, sig-
ni�cantly increased Bragg peak intensities are ob-
served in the surrounding rim and inner wrinkles
region, which we attribute to local deposition of ma-
terial from the center of the spot. Moreover, beyond
the uniform Debye�Scherer rings � signifying ran-
domly oriented nanocrystals � the distinct bright
spots from this region appear in the 2D di�rac-
tion images, suggesting the existence of large crys-
tallites. As a result, asymmetry and shoulders in
the Bragg peak pro�les of the integrated XRD pat-
terns indicate the presence of the fcc phase of Pd
with varying crystal size and lattice parameters at
the same measurement location. Therefore, further
analysis of structural changes in this study is limited
to the �rst modi�ed region, i.e., the region between
the blue and purple contour lines in Fig. 2, where
the surface area remains uniform and no signi�cant
changes or damage � apart from the formation of
the outer wrinkles ring � are observed.
Rietveld re�nement and size and strain analysis

of the integrated XRD patterns were performed us-
ing Profex software [21]. To properly analyze the
size and strain of the nanocrystallites in Pd100−xSix
�lms, the instrumental pro�le was de�ned using the
collected and integrated di�raction pattern of the
CeO2 reference material (SRM 674b). The instru-
mental e�ects were particularly taken into account
using a �learning procedure� in the BGMN ker-
nel of Profex [21]. This calibration considers the
wavelength and optical divergence of the incident
synchrotron beam, as well as the detector parallax
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e�ect [22]. Figure 4b shows an example of the
Rietveld re�nement result for a Pd95Si05 sample
laser-irradiated with a �uence of 45 mJ/cm2 (the
calculated pro�le of the crystalline phase is shown
separately from the scaled reference amorphous sig-
nal).
The Rietveld method models the XRD signal

(Bragg peaks) originating solely from a crystalline
phase (Fig. 4b, pattern (3)). In order to achieve a
good match between the calculated (pattern (3))
and experimental data (pattern (1)), it was neces-
sary to account for an amorphous component in the
samples, which contributes to the di�raction pat-
tern. Since the contributions of the SiN cap and SiN
membrane had already been removed in prior stages
of data processing, the remaining discrepancy indi-
cates the presence of an amorphous/highly disor-
dered state of Pd alongside its crystalline phase. To
account for this discrepancy, the azimuthally inte-
grated pattern measured on the as-grown Pd83Si17
sample was used as a reference amorphous signal
when re�ning the patterns obtained from all other
Pd100−xSix samples using a function in Profex soft-
ware [21]. The signal from the amorphous sample
was scaled by a constant factor and shifted by a
�xed value along the intensity axis (Fig. 4b, pat-
tern (4)). Based on the scaling factor, the relative
fraction of the amorphous phase contained in sam-
ples with di�erent Si concentrations was estimated
(see Fig. 5e).
When incorporating the amorphous phase into

the Rietveld re�nement using this approach, its in-
trinsic limitations should be considered. First, the
shape of the di�use scattering arising from ther-
mal vibrations and structural defects closely re-
sembles that of the amorphous phase, making it
di�cult to distinguish these contributions unam-
biguously. Second, the actual shape of the amor-
phous contribution may depend on the Si concen-
tration. Thus, approximating the amorphous signal
in all samples using a scaled Pd83Si17 di�raction
pattern introduces some uncertainty into the re-
�nement results. However, the atomic structure of
eutectic metal�metalloid glasses, such as Pd�Si, can
be envisioned as a dense random packing (DRP) of
metal atoms, with smaller metalloid atoms occupy-
ing the canonical holes in the DRP structure [23].
This �lling of holes leads to jamming of the pack-
ing and reduces the atomic mobility required for
nucleation and growth of crystalline phases. In this
picture, the metalloid atoms (in this case, Si) do
not modify the skeleton with the DRP metal atoms
(in this case, Pd) until all holes are �lled (until
≈ 20 at.% Si is reached). Since the atomic number
of Pd (Z = 46) is signi�cantly higher than that of Si
(Z = 14), the scattering contribution of Pd atoms
is much higher than that of Si atoms in the XRD
pattern. It thus follows that the XRD pattern of
amorphous Pd83Si17 is a reasonable approximation
also for the Si-poor Pd�Si amorphous structures.
The high quality of the Rietveld �ts, re�ected by

Fig. 4. (a) Integrated patterns for laser-irradiated
Pd, Pd97Si03, Pd95Si05, and Pd90Si10 samples with
�uences of 47, 50, 45, 48, and 49 mJ/cm2, respec-
tively. Bragg peaks from the crystalline Pd phase
(ICSD 77885) are indexed. The Pd83Si17 sample is
completely amorphous and only broad �halo� peaks
are observed in both the as-grown (not shown) and
annealed states. (b) Rietveld re�nement for a laser-
irradiated Pd95Si05 sample. Shown are the over-
lapped experimental and �tted XRD pattern (1),
the di�erence (2), and the components of the �t
(calculated pattern from crystalline part (3), and
reference amorphous signal (4)). Rietveld re�ne-
ment was performed in a 2θ angular range from 3
to 22◦. Pattern (3) in panel (a) is a magni�ed view
of experimental pattern (1) in panel (b), used to
compared di�erent samples with higher resolution
to clearly mark the Bragg peaks and show di�er-
ences between the samples.

the close agreement between the experimental and
modeled patterns, further supports the reliability of
our approach.
The thermal Debye�Waller factor, represented by

the isotropic atomic displacement parameter Biso,
was �xed during the analysis. It was excluded from
the re�nement of the XRD patterns for all samples
due to its strong correlation with other re�ned pa-
rameters, such as microstrain and crystallite size.
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Fig. 5. Dependence of lattice parameters (a), grain sizes (b), microstrain (c, d) and amorphous phase fraction
(e) on energy �uence. Error bars are marked with vertical lines, unless they are smaller than the size of the
marker.

Simultaneous re�nement of Biso together with
these parameters yielded unphysically low values
in the range of 0.2�0.3 Å2. For all re�nements, a
room-temperature value of Biso = 0.5 Å2 [24] was
adopted.
The results of the Rietveld re�nement are sum-

marized in Fig. 5. The analysis revealed a depen-
dency on the laser �uence for several structural
parameters, including: lattice parameter (Fig. 5a);
crystallite size (Fig. 5b); anisotropic microstrain,
re�ecting lattice parameter heterogeneity within
crystallites (Fig. 5c and d); and the fraction of the
amorphous phase (Fig. 5e).
The structural parameters for the as-grown sam-

ples are shown in Fig. 5 as data points at zero
laser �uence. The lattice parameters for all as-grown
samples are nearly identical and consistent with

values reported in the literature [24]. The main
di�erence between samples with di�erent compo-
sitions x = 0, 3, 5, 10% is the crystallites size, which
was primarily measured in the in-plane direction of
Pd100−xSix �lms due to the transmission di�raction
geometry used. A clear trend is observed, in which
the mean crystallite size decreases from ≈ 13 nm in
pure Pd to about 6 nm in the Pd90Si10 sample �
evidence of the in�uence of Si content on the grown
process.
Anisotropic microstrain re�ecting the heterogene-

ity in the lattice parameter within the crystallites
was observed in all nanocrystalline samples prior to
irradiation (Fig. 5c and d). Similar behavior was
reported previously for nanocrystalline Pd [25�27].
In the pure Pd sample, the microstrain values were
1.7% along the crystallographic direction ⟨100⟩ and
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0.7% along ⟨111⟩. For the Pd100−xSix samples con-
taining 3% and 5% Si, a signi�cant increase in mi-
crostrain was observed, reaching ≈ 3.1% and 1.3%
in the ⟨100⟩ and ⟨111⟩ directions, respectively. This
increase may be attributed to the reduction in grain
size and the presence of the Si alloy component,
which introduce local distortions in the crystal lat-
tice. Interestingly, the microstrain along the ⟨111⟩
direction in the Pd90Si10 sample is smaller than the
one observed in pure Pd (≈ 0.5%).
The amorphous phase content of the as-grown

pure Pd sample was calculated from the reference
amorphous signal scaling factor and was estimated
to be 13%. This high apparent value includes con-
tributions from thermal di�use scattering at room
temperature, which is considered as a part of the
amorphous signal, as described above. Addition-
ally, a highly defective regions with large disor-
der at grain boundaries may contribute to the
observed amorphous features in the XRD pat-
terns. In the Pd97Si03, Pd95Si05, and Pd90Si10 sam-
ples, the amorphous phase fraction increases to
approximately 16%, 19%, and 52%, respectively
(see Fig. 5e).
Correlation of the XRD measurements with the

spatial �uence map allowed to analyze trends of
structural changes as a function of local energy den-
sity. A slight increase of lattice parameters is ob-
served at low �uences below 25 mJ/cm2 (Fig. 5a).
This can be explained by trapping the studied sys-
tems in an expanded state after the heating and
cooling cycle. As the �uence increases above the
threshold of 25 mJ/cm2 up to ≈ 45 mJ/cm2,
the lattice parameters of the Pd97Si03, Pd95Si05
and Pd90Si10 samples increase from approximately
0.3895±0.0005 nm to 0.3920±0.0005 nm (Fig. 5a).
At higher �uences, the lattice parameter becomes
less sensitive to �uence changes and only a slightly
decreasing trend is observed. In contrast, the lat-
tice parameter of pure Pd continues to increase up
to 60 mJ/cm2, distinguishing its behavior from that
of all the Si-containing alloys.
Changes in the lattice parameters in Pd100−xSix

thin �lms are correlated with changes of the sur-
face morphology observed by optical microscopy.
A signi�cant increase of lattice parameters is ob-
served within the outer wrinkles ring, in the vicin-
ity of the �rst �uence threshold of ≈ 25 mJ/cm2

(Table II). We interpret this surface deformation
as the result of a macroscopic lateral stress gra-
dient caused by changes in the lattice parameter
across the threshold. The lattice parameters of the
as-grown samples (mostly measured in the in-plane
direction) are close to literature data for powder
bulk Pd. After laser annealing, the lattice parameter
increases, indicating that Pd is subjected to expan-
sive stress compared to the initial state. This stress
could be thermally induced by the rapid heating�
cooling cycle due to the di�erence in thermal expan-
sion coe�cients of the Pd100−xSix �lms and the SiN
substrate.

The mean crystallite size in Pd, Pd97Si03 and
Pd95Si05 samples increases moderately in the �u-
ence range from 25 to 50 mJ/cm2 (Fig. 5b). At
higher �uences, which correspond to the �uences
close to the second threshold (see Table II), a pro-
nounced growth in the mean grain size is observed
for Pd and Pd97Si03. In the Pd90Si10 sample, a no-
ticeable increase in the mean grain size begins at
higher �uence, above ≈ 35 mJ/cm2. The extent of
grain growth is more signi�cant in the Pd100−xSix
samples with higher Si content. These changes in
crystallite size correlate with a reduction of the
amorphous phase fraction (Fig. 5e), which is also
more pronounced in samples with higher Si content.
However, for sample Pd90Si10, an increase of the
amorphous fraction is observed for �uences higher
than 60 mJ/cm2.
Microstrain in the Pd nanocrystallites decreases

for all samples at �uences above 25 mJ/cm2 (Fig. 5c
and d). The trend of microstrain reduction closely
follows the trend of increasing mean grain size.

4. Discussion

Irradiation of a metallic �lm with femtosecond
laser pulses leads to its ultrafast heating, driven by
energy transfer from photoexcited electrons to the
ionic lattice via electron�phonon coupling occurring
on a few picosecond timescale. Heating is followed
by rapid cooling of the �lm via di�usion of the heat
into the substrate occurring within a few nanosec-
onds [13], establishing a time frame for structural
transformations. In our interpretation, given the
sluggish kinetics in the solid state, any changes
in grain size, microstrain or amorphous fraction in
this time window require at least partial melting
of the �lm. Here, we argue that atomic di�usion in
solids is too slow to allow any considerable struc-
tural rearrangement during the very fast heating�
cooling cycle, and only liquid state atomic di�u-
sion, which is several orders of magnitude higher
than in the solid phase, can account for our cur-
rent observations. We note that a similar onset of
ultrafast structural transformations coinciding with
reaching the melting threshold was reported earlier
for �lms irradiated with a femtosecond laser [28].
Based on the above arguments, the presumed melt-
ing threshold �uence is ≈ 25 mJ/cm2. By taking
into account the optical properties of Pd, we es-
timate the corresponding deposited energy density
as 0.64 MJ/kg for the pure Pd sample. The obtained
value is slightly higher than the melting threshold
onset of ≈ 0.5 MJ/kg for thin pure Pd �lms re-
ported in [15]. These estimations support the cur-
rent interpretation of the experimental data.
According to the proposed scenario, melting is

preferentially initiated in the already disordered
grain-boundary regions [15, 29, 30]. Furthermore,
partial melting predominantly a�ects small grains
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due to the Gibbs�Thomson e�ect, and subsequent
recrystallization on cooling leads to the formation of
a coarser, less-strained microstructure. For all inves-
tigated samples, the heating�cooling cycle results
in a decrease in the amorphous fraction. It is more
pronounced in the case of high Si-content alloys,
which is related to their initial structure. While the
amorphous phase contribution is insigni�cant for
the samples bearing up to 5% of silicon, in the as-
deposited Pd90Si10 �lm it exceeds 50%. This obser-
vation is consistent with an increasing glass-forming
ability for a Si content approaching the eutectic
composition.
An important observation is that the formation

of crystalline Pd�Si intermetallic phases was not ob-
served in each of the samples. According to the equi-
librium phase diagram of the Pd�Si system [4, 6],
several Pd�Si compounds should form for the inves-
tigated compositions, especially Pd21Si5. However,
across all samples and irradiation conditions, only
the fcc-Pd crystalline phase was observed. In our
interpretation, the phase selection occurring both
during thin-�lm deposition and during subsequent
ultrashort-pulsed laser annealing is governed pri-
marily by kinetic constraints rather than thermo-
dynamic stability. Because the system experiences
extremely rapid quenching from high-temperature
regime, where atomic mobility would normally al-
low for the nucleation and growth of the equilib-
rium phases, Pd�Si intermetallic compounds do not
have su�cient time to form. Instead, the system
is trapped in a metastable con�guration, leading
to the formation of an fcc Pd(Si) solid solution
rather than the thermodynamically stable Pd�Si
compounds.

5. Conclusions

The combined use of microscopy and XRD pro-
vided new insights into the composition-dependent
crystallization behavior of Pd100−xSix thin �lms. By
analyzing optical images from a series of laser irra-
diations at varying pulse energies (�uence scan), a
two-dimensional �uence map was reconstructed for
an arbitrary pulse energy. This enabled a direct cor-
relation between deposited energy density, surface
morphology, and structural changes derived from
XRD measurements analyzed using the Rietveld
method. Below the threshold of ≈ 25 mJ/cm2, laser
irradiation induces minimal changes, aside for a
slight lattice expansion due to ultrafast heating�
cooling cycle. Above this threshold, all samples ex-
hibit signi�cant structural modi�cations: strain re-
duction, grain growth, and diminished amorphous
contributions. These observations are consistent
with the picture in which the sample, upon ultra-
fast laser annealing, undergoes a relaxation towards
lower energy state. Since the relaxation occurs on
a nanosecond time scale, too short for signi�cant

structural rearrangement in the solid state, it is
reasonable to assume that the laser-irradiated �lms
undergo (partial) melting. This melting, preferen-
tially initiated in the disordered grain-boundary
regions and predominantly a�ecting small grains,
is followed by rapid recrystallization into a coarser,
less-strained microstructure. Notably, only fcc-Pd
crystalline phase was observed across all samples
and irradiation condition, in contrast to the equi-
librium phase diagram including the Pd�Si com-
pounds. It con�rms that the fast, non-equilibrium
processes involved in the sample deposition and
laser treatment lead to the formation of metastable
states.
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